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METHODS FOR PREPARING COMPOSITES
OF ACTIVATED CARBON/ZINC OXIDE AND
ACTIVATED CARBON/ZINC OXIDE/NICKEL
OXIDE FOR DESULFURIZATION OF FUELS

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to an activated carbon/NiO/
ZnO and an activated carbon/ZnO composite, a method in
which the composites are obtained, and a method in which the
composites are used as adsorbents in a method of desulfur-
ization of diesel fuel.

2. Description of the Related Art

The “background” description provided herein is for the
purpose of generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent it is
described in this background section, as well as aspects of the
description which may not otherwise qualify as prior art at the
time of filing, are neither expressly or impliedly admitted as
prior art against the present invention.

The demand for transportation fuels has been increasing in
most countries for the past two decades, and the diesel fuel
demand is expected to increase significantly in the early part
of'the 21st (A. Brady, Buoyant Later Next Decade, Oil Gas J.,
97, 75-80, 1999-incorporated herein by reference in its
entirety). The main goal of policymakers is to produce trans-
portation fuels that have a sulfur content below 10 parts per
million (ppm). The next step, which has already begun in a
number of countries, is the extension of stricter sulfur speci-
fications beyond on-road transportation to other products,
particularly fuel oil, marine bunkers and jet fuel (OPEC Sec-
retariat, Helferstorferstrasse 17 A- 1010 Vienna, Austria,
2011 www.opec.org—incorporated herein by reference in its
entirety). Sulfur compounds present in fuels lead to the emis-
sion of sulfur oxide gases (SOx). These gases react with water
in the atmosphere to form sulfates and acid rain which dam-
ages buildings, destroys automotive paint finishes, acidifies
soil, and ultimately leads to loss of forests and various other
ecosystems (W. L. Fang, Inventory of U.S. 1990-2003, Clean
Air Markets Division, 2004.—incorporated herein by refer-
ence in its entirety).

Traces of sulfur present in diesel fuels also poison the
catalysts in the emission control system and reduce their
effectiveness for the oxidation of harmful carbon monoxide,
hydrocarbons and volatile organic matter. Sulfur emissions
also cause several human health concerns such as, respiratory
illnesses, aggravate heart disease, trigger asthma, and con-
tribute to formation of atmospheric particulates (V. C. Srivas-
tava, RSC Advances, 2, 759-783, 2012—incorporated herein
by reference in its entirety), global warming and water pol-
Iution (S. F. Vernier, EU environmental laws impact fuels’
requirements, Hydrocarbon Process, 79, 51-71, 2000.—in-
corporated herein by reference in its entirety). Environmental
regulations have been introduced in many countries around
the world to reduce the sulfur content of diesel fuel to ultra-
low levels of 10 ppm with the aim of lowering the diesel
engine’s harmful exhaust emissions and improving air qual-
ity (US EPA, EPA420-F-99-011, Office of Mobile Sources,
May 1999.—incorporated herein by reference in its entirety).
Therefore, desulfurization of fuels is extremely important in
the petroleum industry and there is a need to research new
desulphurization methods which are cost effective, more effi-
cient and can meet the environmental regulations and refining
requirements.

The current industrial method for removal of sulfur from
fuels is (HDS), for reducing of organic-sulfur in gasoline,
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diesel and other intermediate distillates where Co—Mo/
Al,O; or Ni—Mo/Al, O, Ni—W/ALO; is used as the cata-
lysts for the conversion of organic sulfur toH,S. This process
successfully removes many sulfur compounds such as thiols,
sulfides, disulfides and some thiophene derivatives, but to
much lower extent removes dibenzothiophene derivates due
to the steric hindrance on the sulfur atom (refractory organo-
sulfur compounds), such as dibenzothiophene (H. Schulz, et
al., Fuel Process Technol., 61, 5-41, 1999; H. Schulz, et al.,
Catal. Today, 49, 87-97, 1999—each incorporated herein by
reference in its entirety).

Adsorption is often employed to remove trace impurities,
such as the removal of trace amounts of aromatics from ali-
phatic (R. T. Hernandez et al., US patent 2004/0040891 US
2004/0044262 Al. 2004—incorporated herein by reference
in its entirety) and it is the most common HDS alternative
method currently used to achieve ultra-clean fuels (M. Tym-
chyshyn, Lakehead University, 2008.—incorporated herein
by reference in its entirety). Adsorptive desulfurization using
porous materials is considered to be an efficient and economi-
cal way for removing organosulfur compounds due to its
low-energy consumption, the ambient operation temperature
and atmospheric pressure without using pressurized hydro-
gen gas and the availability of regeneration of the spent adsor-
bent and broad availability of adsorbents (Q. Wang, et al.,
Fuel Processing Technology, 90, 381-387, 2009.—incorpo-
rated herein by reference in its entirety). Activated carbon
(ACQ) is one of the most important adsorbents dominating the
commercial use of adsorption due to its porous structure with
high surface area, large pore volume and they have high
efficiency for the adsorption of various types of compounds
(M. Suzuki, Adsorption Engineering, Kodansha Ltd., Tokyo,
1990.—incorporated herein by reference in its entirety). It
was found that activated carbon was the best adsorbent
between the activated alumina and nickel-silica alumina to
remove model sulfur compounds from n-hexadecane (J. H.
Kim, et al., Catal. Today, 111, 74-83, 2006—incorporated
herein by reference in its entirety).

Salem and Hamid (K. Tang, et al., Fuel processing Tech-
nology, 89, 1-6, 2008-incorporated herein by reference in its
entirety) studied removing of sulfur from naphtha with a 550
ppm initial sulfur level in a batch reactor using activated
carbon, zeolite 5A, and zeolite 13X as solid adsorbents. They
reported that, Activated carbon showed the highest capacity,
but a low level of sulfur removal. Activated carbon was found
to have much better adsorption characteristics than 13X type
zeolite (M. Muzica, et al., Chemical engineering research
and design, 88, 487-495, 2010—incorporated herein by ref-
erence in its entirety). Bu et al. Studied the Adsorptive affinity
of'polycyclic aromatic sulfur heterocycles (PASHs) and poly-
cyclic aromatic hydrocarbons (PAHs) on commercial acti-
vated carbons AC1- to AC7. They concluded that the adsorp-
tion selectivity increases as follows:
naphthalene<fluorene<dibenzothiophene<4,6-dimethyl
dibenzothiophene<anthracene<phenanthrene (J. Bu et al.,
Chemical Engineering Journal, 166, 207-217, 2011—incor-
porated herein by reference in its entirety).

Granular activated carbon (GAC) was produced from
dates’ stones by chemical activation using ZnCl, as an acti-
vator. GAC samples were used in desulfurization of a model
diesel fuel composed of n-decane and dibenzothiophene
(DBT) as sulfur containing compound. More than 86% of
DBT is adsorbed in the first 3 h which gradually increases to
92.6% in 48 h and no more sulfur is removed thereafter (Y. A.
Alhamed, et al., Fuel, 88, 87-94, 2009—incorporated herein
by reference in its entirety).
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Study was employed for sulfur removal from model oil
(dibenzothiophene; DBT dissolved in iso-octane) using com-
mercial activated carbon (CAC) as an adsorbent. The highest
removal of sulfur by CAC was obtained with adsorbent dos-
age 20 g/L, time of adsorption 6 h, and temperature 308° C.)
(D. R. Kumar, et al., Air, Water, 40, 545-550, 2012-incorpo-
rated herein by reference in its entirety).

Recently, four types of carbons (activated carbon, Maxsorb
superactivated carbon, mesoporous templated carbon CMK-
3, and graphene) were investigated as selective sorbents for
adsorption of thiophene from its solution in n-octane.

The adsorption capacities for thiophene followed the
order: graphene>CMK-3>Maxsorb>AC. Surface area is not
a critical factor influencing sulfur capacity of carbon sorbents
in addition, the carbene-type zigzag edge sites and the car-
byne-type armchair edge sites on graphene are among the
possible sites for strong interactions with thiophene (L. Wang
et al., AIChE Letter: Separations: Materials, Devices and
Processes, 59, 29-32, 2013—incorporated herein by refer-
ence in its entirety).

Modifications of carbon surfaces by incorporation of met-
als and oxidation of carbon surface can have a positive effect
onthe adsorption of DBTs. Jiang et al found that, the modified
activated carbon by concentratedH,SO, at 250° C. has much
higher adsorption capacities for dibenzothiophene than the
unmodified AC but less adsorption capacities for small mol-
ecules (e.g., iodine) (Z. Jiang, et al., Langmuir, 19, 731-736,
2003—incorporated herein by reference in its entirety). It was
also reported that cobalt and copper loaded carbons showed
the highest uptake, due to not-well defined catalytic synergis-
tic effects (C. O. Ania, et al., Carbon, 44,2404-2412, 2006—
incorporated herein by reference in its entirety). Adsorption
Desulphurization of Gasoline by Silver loaded onto modified
Activated Carbons was studied by Cao, et al. The results
showed that silver formed m-complexes with organic sul-
phides; the higher the silver loading, the greater the amount
adsorbed, but the adsorption selectivity was poor (B. Cao, et
al., Adsorpt. Sci. Technol., 26, 595-609, 2008—incorporated
herein by reference in its entirety).

The adsorption of benzothiophene and dibenzothiophene
on transition-metal ionimpregnated activated carbons is
investigated (Xiao et al., Energy & Fuels, 22, 3858-3863,
2008—incorporated herein by reference in its entirety) and
the equilibrium amounts adsorbed of BT and DBT on the
modified ACs followed the order: Agl/AC>Nill/AC>Cull/
AC>Znll/AC>AC>Felll/AC. Zhou et al, reported that
HNO;oxidation of AC was an effective method for improving
adsorption performance of sulfur compounds, due to an
increase in the acidic oxygen-containing functional groups,
suggesting that the adsorption of sulfur compounds over the
AC may involve an interaction of the acidic oxygencontain-
ing groups on AC with the sulfur compounds (A. Zhou, et al.,
Appl. Catal., B, 87, 190-199, 2009—incorporated herein by
reference in its entirety). Two commercially available acti-
vated carbons A and B and modified forms of the same by
HNO; treatment and Ni supported systems were used as
adsorbents for, 4-methylbenzothiophene and 4,6-dimethyl-
dibenzothiophene in Adsorptive desulfurization (ADS) pro-
cess. The results showed that, the trend for adsorption selec-
tivity for various adsorbents increases in the order, carbon A
(modified)>carbon B (modified)>Ni/carbon A>Ni/carbon
B>Ni/silica>Ni/alumina>Ni/HY-zeolite (V. Selvavathi et al.,
Catalysis Today, 141, 99-102, 2009—incorporated herein by
reference in its entirety). Zirconium dioxide was impregnated
into a commercial activated carbon (AC) and tested as adsor-
bents for dibenzothiophene (DBT) from a model diesel fuel.
The results indicated that surface acidic sites on the impreg-
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nated ZrO2 may play an important role in the improved
desulphurization performance of the composite (L. Xiong, et
al., Adsorpt. Sci. Technol., 28, 341-350, 2010—incorporated
herein by reference in its entirety). Cerium-loaded activated
carbon was tested for dibenzothiophene adsorption from
model fuels. This adsorbent showed much better adsorption
capacity and selectivity towards DBT than the virgin carbon
due to the changes in surface chemistry of the adsorbent, in
which the increased acidic sites and cerium ion may play
important roles (L. Xiong, et al., Porous Mater 19, 713-719,
2012—incorporated herein by reference in its entirety).

The need for cleaner burning fuels has resulted in a con-
tinuing world-wide effort to reduce sulfur levels in hydrocar-
bon-containing fluids such as gasoline and diesel fuels. The
reduction of sulfur in such hydrocarbon-containing fluids is
considered to be a means for improving air quality because of
the negative impact the sulfur has on the performance of
sulfur-sensitive items such as automotive catalytic convert-
ers. The presence of oxides of sulfur in automotive engine
exhaust inhibits and may irreversibly poison noble metal
catalysts in the converter. Emissions from an inefficient or
poisoned converter contain levels of non-combusted, non-
methane hydrocarbons, oxides of nitrogen, and carbon mon-
oxide. Such emissions are catalyzed by sunlight to form
ground level ozone, more commonly referred to as smog.

Most of the sulfur in a hydrocarbon-containing fluid such
as gasoline comes from thermally processed gasolines. Ther-
mally processed gasolines such as, for example, thermally
cracked gasoline, visbreaker gasoline, coker gasoline and
catalytically cracked gasoline (hereinafter collectively
referred to as “cracked-gasoline™) contains, in part, olefins,
aromatics, sulfur, and sulfur-containing compounds.

Since most gasolines, such as for example automobile
gasolines, racing gasolines, aviation gasolines, boat gaso-
lines, and the like contain a blend of, at least in part, cracked-
gasoline, reduction of sulfur in cracked-gasoline will inher-
ently serve to reduce the sulfur levels in most gasolines such
as, for example, automobile gasolines, racing gasolines, avia-
tion gasolines, boat gasolines, and the like.

The public discussion about gasoline sulfur has not cen-
tered on whether or not sulfur levels should be reduced. A
consensus has emerged that lower sulfur gasoline reduces
automotive emissions and improves air quality. Thus, the real
debate has focused on the required level of reduction, the
geographical areas in need of lower sulfur gasoline, and the
time frame for implementation.

As the concern over the impact of automotive air pollution
continues, it is clear that further efforts to reduce the sulfur
levels in automotive fuels will be required. While the current
gasoline products contain about 330 parts per million (ppm),
the U.S. Environmental Protection Agency recently issued
regulations requiring the average sulfur content in gasoline to
be less than 30 ppm average with an 80 ppm cap. By 2006, the
standards will effectively require every blend of gasoline sold
in the United States to meet the 30 ppm level.

Desulfurization preferably has a minimal effect on the
olefin content of such fuels so as to maintain the octane
number (both research and motor octane number). Such a
process would be desirable since saturation of olefins greatly
affects the octane number. Such adverse effect on olefin con-
tent is generally due to the severe condition normally
employed, such as during hydrodesulfurization, to remove
thiophenic compounds (such as, for example, thiophenes,
benzothiophenes, alkyl thiophenes, alkylbenzothiophenes,
alkyl dibenzothiophenes and the like) which are some of the
most difficult sulfur-containing compounds to be removed
from cracked-gasoline. In addition, there is a need to avoid a
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system wherein the conditions are such that the aromatic
content of the cracked-gasoline is also lost through saturation.
Thus, there is a need for a process wherein desulfurization is
achieved and the octane number is maintained.

There is also a need to reduce the sulfur content in diesel
fuels. In removing sulfur from diesel fuels by hydrodesulfu-
rization, the cetane is improved but there is a large cost in
hydrogen consumption. Such hydrogen is consumed by both
hydrodesulfurization and aromatic hydrogenation reactions.

Conventional desulfurization requires a significant con-
sumption of hydrogen and has poor economical performance
process for the treatment of cracked gasolines and diesel
fuels.

As a result of the lack of success in providing a successful
and economically feasible process for the reduction of sulfur
levels in cracked-gasolines and diesel fuels, it is apparent that
there is still a need for a better process for the desulfurization
of such hydrocarbon-containing fluids which has minimal
effect on octane levels while achieving high levels of sulfur
removal. Traditionally, sorbent compositions used in pro-
cesses for the removal of sulfur from hydrocarbon-containing
fluids have been agglomerates utilized in fixed bed applica-
tions. Because of the various process advantages of fluidized
beds, hydrocarbon-containing fluids are sometimes used in
fluidized bed reactors. Fluidized bed reactors have advan-
tages over fixed bed reactors such as better heat transfer and
better pressure drop. Fluidized bed reactors generally use
reactants that are particulates. The size of these particulates is
generally in the range of about 1 micron to about 1000
microns. However, the reactants used generally do not have
sufficient attrition resistance for all applications. Conse-
quently, finding a sorbent with sufficient attrition resistance
that removes sulfur from these hydrocarbon-containing fluids
and that can be used in fluidized, transport, moving, or fixed
bed reactors is desirable and would be of significant contri-
bution to the art and to the economy.

BRIEF SUMMARY OF THE INVENTION

The foregoing paragraphs have been provided by way of
general introduction, and are not intended to limit the scope of
the following claims. The described embodiments, together
with further advantages, will be best understood by reference
to the following detailed description taken in conjunction
with the accompanying drawings.

In one embodiment of the present disclosure, an activated
carbon/NiO/ZnO composite is synthesized via a thermal co-
precipitation method.

In another embodiment, the activated carbon/NiO/ZnO
composite has a surface area of about 38.9 m*g, a pore
volume of about 0.507 cm®/g, and an adsorption average pore
width of about 521 A.

In another embodiment, an activated carbon/ZnO compos-
ite is synthesized via a thermal co-precipitation method.

In another embodiment, the activated carbon/ZnO com-
posite has a surface area of about 15.2 m*/g, a pore volume of
about 0.304 cm®/g, and an adsorption average pore width of
about 801 A.

In another embodiment, the composites are used to adsorb
and determine the sulfur-containing content in diesel fuel.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the disclosure and many
of'the attendant advantages thereof will be readily obtained as
the same becomes better understood by reference to the fol-
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lowing detailed description when considered in connection
with the accompanying drawings, wherein:

FIG. 1 is a graph of the Nitrogen adsorption/desorption
isotherms for AC/NiO/ZnO.

FIG. 2 is FT-IR spectra of AC/NiO/Zn0O.

FIGS. 3A-3B are XRD spectrograms of AC/NiO/ZnO and
AC/Zn0Q, respectively.

FIG. 41s a graph of the percentage removal of thiopene, BT,
and DBT.

FIG. 51is a graph depicting the effect of adsorbent dosage of
the adsorption of thiopene, BT, and DBT.

FIG. 6 is a graph of the adsorption of sulfur compounds on
AC/NiO/ZnO at different time intervals.

FIG. 7 is a graph of the breakthrough curves of DBT on
AC/NiO/ZnO, AC/ZnO, and AC.

FIG. 8 is a graph depicting the percentage removal of
thiopene, BT, and DBT from model diesel fuel by AC/NiO/
7Zn0, AC/Zn0, and AC in three cycles.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Referring now to the drawings, wherein like reference
numerals designate identical or corresponding parts through-
out the several views.

The present invention relates to a thermal co-precipitation
method for obtaining an activated carbon/NiO/ZnO material.
The thermal co-precipitation method may further include
thermal, chemical, and mechanical treatments to obtain the
desired material.

First, an activated carbon (AC) is dispersed in a solvent.
The activated carbon may be in the form of powdered acti-
vated carbon, granular activated carbon, extruded activated
carbon, bead activated carbon, impregnated carbon, polymer
coated carbon but is not limited to such forms of activated
carbon. Preferably, the activated carbon is in the form of
powdered activated carbon. The activated carbon is dispersed
in a solvent. Preferably, the solvent is deionized water. The
activated carbon may be added at a mass range 0of 0.01-15.0 g,
2.0-10.0 g, or 3.0-8.0 g per a volume of solution in the range
0f'100-200 mL,, 125-175 mL, or 130-160 mL. Preferably, 6.0
g AC is added to a deionized water sample containing a
volume of 150 mL. Further, the solution contains a mass
concentration of activated carbon in the deionized water
sample in the range 0f 0.01-0.5 g/mL, preferably in the range
010.02-0.4 g/ml, 0.03-0.3 g/mL, or 0.04-0.2 g/mL.. Prefer-
ably, the mass concentration of the activated carbon in the
deionized water sample is 0.04 g/mlL.

The solution of activated carbon and deionized water is
then mixed. Manual methods of mixing may be used to mix
the solution including but not limited to swirling the solution
by hand and by placing a magnetic stir bar in the solution and
stirring with a magnetic stir plate. Mechanical methods
include but are not limited to sonicating the solution using an
ultrasonic bath or an ultrasonic probe or ultrasonicating the
solution. Preferably, ultrasonication is used. Ultrasonication
in the presence of the deionized water enhances the absorbiv-
ity of the activated carbon nanoparticles by improving their
dispersion within the deionized water and optimizes condi-
tions for removal of the sulfur-containing compounds once
they react with the solution during desulfurization. The solu-
tion is ultrasonicated at a frequency of >20 kHz, more pref-
erably between 20-30 kHz. The ultrasonicator functions at a
power within the range of 100-1500 W, 200-1300 W, or 300-
800 W. More preferably, the ultrasonicator functions at a
power between 300-800 W. The solution is ultrasonicated for
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a time period ranging from 30-100 minutes, 40-80 minutes,
and 50-65 minutes. Preferably the solution is ultrasonicated
for 60 minutes.

A solution containing a nickel compound, e.g.,
Ni(NO,),.6H,0, is added to the dispersed activated carbon
and deionized water solution. Other Ni salts include nickel
sulfate (NiSO,), nickel nitrate (Ni(NO,),), nickel chloride
(NiCl,) and/or the mixtures of the same. Ni(NO;),.6H,O1ina
solution is added in the range of 0.5-2.5 g, 0.75-2.0 g, or
0.8-1.8 g per a volume of solution in the range of 10-100 mL,
25-75 mL, or 30-70 mL. Preferably, 1.763 g Ni(NO;),.6H,O
in a solution of 50 mL is added to the dispersed activated
carbon and deionized water solution to create a mixture. The
mixture is then stirred over a time period in the range of 1-3
hours, 1.5-2.5 hours, or 1.75-2.25 hours. Preferably, the mix-
ture is stirred for 2 hours. The mixture is then further stirred
for an additional 6 hours and heated at a range of 75-100° C.,
80-95° C., or 85-92° C. Preferably, the mixture is stirred for 6
hours and heated up to 90° C. so that the pH of the mixture is
maintained between a pH of 8 and 9. Heating and stirring of
the mixture results in a precipitate. The precipitate is then
filtrated from the mixture, washed, and dried at a temperature
in the range of 90-125° C., 100-120° C., or 105-115° C. over
a time period of 6-15 hours, 6-14 hours, or 7-13 hours. Pref-
erably, the precipitate is dried at 110° C. over a time period of
12 hours.

Following drying, the precipitate is then dispersed in an
aqueous sample of deionized water. The deionized water
includes a volume in the range of 100-200 mL, 125-175 mL,
or 130-170 mL. Preferably, 150 mL deionized water is used.

A solution containing a zinc compound, e.g.,
Zn(NO,),.6H,0, is added to the solution of deionized water
and precipitate. Other Zn compounds include zinc carbonate
(ZnCQO,;), zinc sulfate (ZnSO,) and zinc chloride (ZnCl,).
Zn(NO,),.6H,0 in a solution is added in the range of 1.0-8.0
g,2.0-7.5 g, or3.0-7.0 g per a volume of solution in the range
of 10-100 mL, 25-75 mL, or 30-70 mL.. Preferably, 6.975 g
Zn(NO,),.6H,0 in a solution of 50 mL is added dropwise to
the solution of deionized water and precipitate sample to
create a second mixture. The second mixture is then stirred
over a time period in the range of 1-3 hours, 1.5-2.5 hours, or
1.75-2.25 hours. Preferably, the second mixture is stirred for
2 hours. The second mixture is then further stirred for an
additional 6 hours and heated at a range ot 75-100° C., 80-95°
C., or 85-92° C. Preferably, the second mixture is stirred for 6
hours and heated up to 90° C. so that the pH of the second
mixture is maintained between a pH of 8 and 9. Heating and
stirring of the mixture results in a second precipitate. The
second precipitate is then filtrated, washed, and dried at a
temperature in the range of 90-125° C., 100-120° C., or
105-115° C. over a time period of 6-15 hours, 6-14 hours, or
7-13 hours. Preferably, the second precipitate is dried at 110°
C. over a time period of 12 hours.

Heating and drying the second precipitate forms a product.
The product is then calcined at a temperature in the range of
300-400° C., 325-375° C., or 330-360° C. over a time period
of 2-5 hours, 2.5-4.5 hours, or 3-4.25 hours. Preferably, the
product is calcined at 350° C. over 4 hours. Calcination yields
the adsorbent AC/NiO/ZnO at a ratio of 12:1:4%.

The resulting material contains a mixture of an AC/NiO/
ZnO. The preferred material composition includes but is not
limited to the following compositional ranges: 5-25% acti-
vated carbon, 50-95% NiO, and 0-25% ZnO or 10-50% acti-
vated carbon, 50-100% NiO, and 40-50% ZnO or 15-30%
activated carbon, 70-95% NiO, and 15-30% ZnO or 5-20%
activated carbon, 80-95% NiO, and 5-20% ZnO or 0-20%
activated carbon, 80-100% NiO, and 0-20% ZnO in which
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percent composition is calculated based on the molecular
weight of each material. The surface area of the AC/NiO/ZnO
material is in the range of 20-45 m*/g, 25-40 m*/g, and 30-40
m?/g. Preferably the surface area of the AC/NiO/ZnO mate-
rial is about 38.9 m?/g. The pore volume is defined as the
spaces in a material, and the fraction of the volume of voids
over the total volume of the AC/NiO/ZnO is in the range of
0.05-1 cm>/g, 0.4-0.8 cm®/g, and 0.45-0.6 cm’/g. Preferably,
the pore volume of the AC/NiO/ZnQO is about 0.507 cm®/g.
The adsorption average pore width of the AC/NiO/ZnO mate-
rial is 500-600 A, 510-590 A, and 515-530 A. Preferably, the
adsorption average pore width of the AC/NiO/ZnO material is
521 A.

Nitrogen sorption isotherms were performed at liquid
nitrogen temperature (-196° C.) on a Micromeritics ASAP
2020 volumetric instrument to determine surface area (BET),
pore volume and pore size distribution of tested sorbents.

EXAMPLE
Method of Preparing AC/NiO/ZnO

Thiophene (C,H,S, 99%, 84.14 g/mol), Benzothiophene
(BT) (CgHgS, 99%, 134.2 g/mol), Dibenzothiophene (DBT)
(C,,HgS, 99%, 184.26 g/mol) obtained from Aldrich. N-Hex-
ane (C¢H, 4, 97%, 86.18 g/mol), Toluene (C,Hg, 99.7%, 92.14
g/mol.

Activated Carbon (AC) was produced by hydrolysis pro-
cess. Briefly, a waste materials was cleaned and ground. The
granules were heated up to 300° C. to separate the produced
oil; then to 500° C. for 3 h for carbonization, then at 900° C.
for 2 h, for further development of the porosity of the acti-
vated carbon. Further modification was accomplished via
H,0, and HNO; treatment in order to develop oxygen surface
groups on the carbon. Then, the product referred as AC was
washed and dried at 100° C.

The adsorbent AC/NiO/ZnO (12:1:4%) was prepared via
thermal co-precipitation. Briefly, 6.0 g of AC was dispersed in
150 mL of deionized water by the use of sonicator. Then, 50
mL solution containing 1.763 g of Ni(NO,),.6H,0 was
added into the dispersed AC. This mixture was stirred for 2.
The pH of the mixture was maintained at 8-9 followed by
heating up to 90° C. for 6 h under stirring. The precipitate was
then filtrated, washed and dried at 110° C. overnight. The
material was dispersed in 150 mL deionized water. Then, a 50
mlL solution containing 6.975 g of Zn(NO;),.6H,O was drop-
wise added into that. This mixture was stirred for 2. The pH of
the mixture was maintained at 8-9 followed by heating up to
90° C. for 6 hunder stirring. The precipitate was then filtrated,
washed and dried at 110° C. overnight. The product was
calcined at 350° C. for 4 h.

Another embodiment of the invention includes a thermal
co-precipitation method for obtaining an activated carbon
(AC)/ZnO material. The thermal co-precipitation method
may further include thermal, chemical, and mechanical treat-
ments to obtain the desired material.

First, an activated carbon (AC) is dispersed in a solvent.
The activated carbon may be in the form of powdered acti-
vated carbon, granular activated carbon, extruded activated
carbon, bead activated carbon, impregnated carbon, polymer
coated carbon but is not limited to such forms of activated
carbon. Preferably, the activated carbon is in the form of
powdered activated carbon. The activated carbon is dispersed
in a solvent. Preferably, the solvent is deionized water. The
activated carbon may be added at a mass range 0of 0.01-15.0 g,
2.0-10.0 g, or 3.0-8.0 g per a volume of solution in the range
0f'100-200 mL,, 125-175 mL, or 130-160 mL. Preferably, 6.0



US 9,352,297 B2

9

g AC is added to a deionized water sample containing a
volume of 150 mL. Further, the solution contains a mass
concentration of activated carbon in the deionized water
sample in the range 0f 0.01-0.5 g/mL, preferably in the range
010.02-0.4 g/ml,, 0.03-0.3 g/mL, or 0.04-0.2 g/mL.. Prefer-
ably, the mass concentration of the activated carbon in the
deionized water sample is 0.04 g/mL..

The solution of activated carbon and deionized water is
then mixed. Manual methods of mixing may be used to mix
the solution including but not limited to swirling the solution
by hand and by placing a magnetic stir bar in the solution and
stirring with a magnetic stir plate. Mechanical methods
include but are not limited to sonicating the solution using an
ultrasonic bath or an ultrasonic probe or ultrasonicating the
solution. Preferably, ultrasonication is used. Ultrasonication
in the presence of the deionized water enhances the absorbiv-
ity of the activated carbon nanoparticles by improving their
dispersion within the deionized water and optimizes condi-
tions for removal of the sulfur-containing compounds once
they react with the solution during desulfurization. The solu-
tion is ultrasonicated at a frequency of >20 kHz, more pref-
erably between 20-30 kHz. The ultrasonicator functions at a
power within the range of 100-1500 W, 200-1300 W, or 300-
800 W. More preferably, the ultrasonicator functions at a
power between 300-800 W. The solution is ultrasonicated for
a time period ranging from 30-100 minutes, 40-80 minutes,
and 50-65 minutes. Preferably the solution is ultrasonicated
for 60 minutes.

A solution containing a zinc compound, e.g.,
Zn(NO,),.6H,0 is added to the dispersed activated carbon
and deionized water solution. Other Zn compounds include
zinc carbonate (ZnCOs), zinc sulfate (ZnSO,) and zinc chlo-
ride (ZnCl,). Zn(NO,),.6H,O in a solution is added in the
range of 1.0-8.0 g, 2.0-7.5 g, or 3.0-7.0 g per a volume of
solution in the range of 10-100 mL, 25-75 mL, or 30-70 mL.
Preferably, 6.975 g Zn(NO;),.6H,0 in a solution of 50 mL is
added dropwise to the dispersed activated carbon and deion-
ized water solution to create a mixture.

The mixture is then stirred over a time period in the range
of'1-3 hours, 1.5-2.5hours, or 1.75-2.25 hours. Preferably, the
mixture is stirred for 2 hours. The mixture is then further
stirred for an additional 6 hours and heated at a range of
75-100° C., 80-95° C., or 85-92° C. Preferably, the mixture is
stirred for 6 hours and heated up to 90° C. so that the pH of the
mixture is maintained between a pH of 8 and 9. Heating and
stirring of the mixture results in a precipitate. The precipitate
is then filtrated from the mixture, washed, and dried at a
temperature in the range of 90-125° C., 100-120° C., or
105-115° C. over a time period of 6-15 hours, 6-14 hours, or
7-13 hours. Preferably, the precipitate is dried at 110° C. over
a time period of 12 hours.

Heating and drying the precipitate forms a product. The
product is then calcined at a temperature in the range of
300-400° C., 325-375° C., or 330-360° C. over a time period
of 2-5 hours, 2.5-4.5 hours, or 3-4.25 hours. Preferably, the
product is calcined at 350° C. over 4 hours. Calcination yields
the adsorbent AC/ZnO.

The resulting material contains a mixture of an AC/Zn0O.
The preferred material composition includes but is not lim-
ited to the following compositional ranges: 1-25% activated
carbon and 75-99% ZnO or 1-50% activated carbon and
50-99% ZnO or 25-50% activated carbon and 50-75% ZnO or
50-75% activated carbon and 25-50% ZnO or 10-20% acti-
vated carbon and 80-90% ZnO in which percent composition
is calculated based on the molecular weight of each material.
The surface area of the AC/ZnO material is in the range of
10-20 m?/g, 11-18 m*/g, and 12-17 m*/g. Preferably the
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surface area of the AC/ZnO material is 15.2 m*/g. The pore
volume is defined as the spaces in a material, and the fraction
of the volume of voids over the total volume of the AC/ZnO is
in the range of 0.05-1 cm®/g, 0.1-0.8 cm’/g, and 0.15-0.4
cm?/g. Preferably, the pore volume of the AC/ZnO is about
0.304 cm®/g. The adsorption average pore width of the
AC/ZnO material is 700-900 A, 750-850 A, and 775-825 A.
Preferably, the adsorption average pore width of the AC/ZnO
material is 801 A.

EXAMPLE
Method of Preparing AC/ZnO

Similarly, the adsorbent AC/ZnO was prepared in the
absent of NiO solution. Briefly, the adsorbent AC/ZnO was
prepared via thermal co-precipitation where 6.0 g of AC was
dispersed in 150 mL of deionized water by the use of sonica-
tor. A 50 mL solution containing 6.975 g of Zn(NO;)2.6H,O
was drop-wise added. This mixture was stirred for 2. The pH
of the mixture was maintained at 8-9 followed by heating up
to 90° C for 6 h under stirring. The precipitate was then
filtrated, washed and dried at 110° C. overnight. The product
was calcined at 350° C. for 4 h. Characterization; After the
synthesis of the adsorbents, the characterization has been
performed by the means of different techniques; N, adsorp-
tion (BET), X-ray diffraction spectroscopy (XRD), and Fou-
rier Transform Infrared spectroscopy (FT1-IR).

In another embodiment of the invention, the AC/NiO/ZnO
and AC/ZnO materials are used as sorbents to adsorb sulfur-
containing compounds by a method of desulfurization. The
adsorption of sulfur-containing compounds includes but are
not limited to dibenzothiopene (DBT), benzothiopene (BT),
and thiopene.

In the method, the sulfur-containing compounds are
adsorbed from a hydrocarbon-based composition such as
model diesel fuel. A model diesel fuel solution is prepared by
dissolving the sulfur containing compounds into a solvent.
The solvent is prepared by mixing an aromatic-containing
compound with an alkane. Preferably, the aromatic-contain-
ing compound contains at least one six-membered hydrocar-
bon ring with a C,-Cy alkyl group selected from the group
consisting of methyl (—CHj;), ethyl (—C,H;), propyl
(—C5H,), butyl (—C,H,), pentyl (—CsH;,), or hexyl
(—C¢H, ;) where said alkyl unit is attached to one of the
carbon units of said hydrocarbon ring. Preferably, the alkyl
group is methyl and more preferably the aromatic solvent
used is toluene. The alkane is selected from a C,-C,4 group
consisting of methane (CH,), ethane (C,H,), propane
(C;Hg), butane (C,H,,), pentane (CsH,,), and hexane
(C¢H, ). More preferably, the alkane used is hexane.

Once the solvent is mixed, different amounts of the sor-
bents are introduced to a hydrocarbon. Preferably, 100-300
mg, 110-250 mg, and 150-200 mg of DBT, BT and thiopene
is used per about 4 mL ofhydrocarbon. The desired sorbent is
introduced into the hydrocarbon containing the sulfur-con-
taining compounds DBT, BT, and thiopene with an initial
concentration in the range of 450-650 mg/L, 500-600 mg/L,
or 550-595 mg/L.. Preferably, the initial concentration of sul-
fur-containing compounds in the model diesel fuel is 500
mg/L.

The resultant mixture is then induced into equilibrium by
shaking at room temperature. Samples are then taken from the
mixture at time intervals of 0, 10, 20, 30, 40, 50, 60 and 80
minutes of time to be analyzed by GC-SCD method.

The activated carbon/NiO/ZnO sorbent proved to be more
effective in removing sulfur-containing compounds in the
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process of desulfurization when compared to the activated
carbon/ZnO sorbent. The presence of nickel enhances the
efficiency of the activated carbon/NiO/ZnO sorbent in des-
ulfurization.

Typically, various amounts, in the range between 0.05 to
0.75 g of adsorbent was introduced into 50 mL of the fuel
solution. The total DBT, BT and Thiophene initial concentra-
tions was 500 mg/L, prepared by dissolving 166.5 mg DBT,
166.5 mg BT and 166.5 mg Thiophene in 1 L solvent (762 ml
toluene+238 ml hexane). Thus, the amount of sulfur calcu-
lated in the fuel was 63.435 ppm, 39.783 ppm and 28.975
ppm, respectively.

The resulting mixture was continuously shaken at room
temperature until equilibrium. Aliquots were taken from the
system at the pre-determined time intervals and analyzed by
GC-SCD method.

Dynamic adsorption experiments were carried out by pass-
ing the fuel sample through a fixed bed at ambient tempera-
ture and constant flow rate in order to determine the adsorp-
tion capacity. The various dimensions of the adsorption
column were used with various volumes of fuel samples. In
brief, a column was packed with the adsorbent. Model fuel
was passed through the column packed with adsorbent by
peristaltic pump with a controlled flow rate. Once the adsorp-
tion process was started, aliquots of the outlet were collected
at different time intervals and injected in the GC for analysis.
The process was stops once the breakthrough point has been
reached.

GC-SCD Method of Analysis; The concentration of DBT,
BT and thiophene in solution was analyzed by Agilent Gas
Chromatograph with a Sulfur Chemiluminescence Detector
(GC-SCD). The GC was equipped with splitless injection
port and operated using splitless mode. Separated done in
DB-1 column with 30 m length and 0.32 mm diameter and the
injection volume was 0.1 ul with flow rate 1.1 ml\min, oven
(column) temperature 280° C. Since the detector detect the
sulfur we used the following equation to calculate the relative
amount of analayte

ppm of sulfur=amount of thiophenic compound (mg)x

[molar mass of sulfur\molar mass of thiophenic
compound]

The percentage removal of sulfur was calculated using the
following equation:

Percentage sulfur removal=[(C_-C)\C,]*100

Where C, is the initial sulfur concentration (mg/L), Ce is the
sulfur concentration (mg/l.) at equilibrium. The analyte
adsorption (qe, mg/g) atequilibrium, was calculated using the
following equation:

ge=(Co-Ce)Vw

Co (mg/L)) and Ce (mg/L)) are the sulfur compound concen-
trations contained in the initial solution and at equilibrium,
respectively; V (L) is the volume of the fuel solution; and w
(mg) represents the weight of adsorbents.

The regeneration of the sorbents was investigated after they
were saturated by thiophenic compounds. For the regenera-
tion, Used sorbents were treated by Toluene and heating at
300° C. for 3 h. The desorbed amounts of thiophenic com-
pounds were analyzed as a function of time with GC-SCD.
Also, the used adsorbents were regenerated thermally only by
heating at 350° C. for 3 h.

All sorbents show major nitrogen uptake at relative pres-
sures less than 0.25. FIG. 1 is a graph that illustrates the
Nitrogen adsorption/desorption isotherms for AC/NiO/ZnO
at —196° C. This means that the adsorbents are microporous.
As well as, a small hysteresis loop can also be observed at
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high relative pressures indicating the presence of mesopores
(K. Sing, et al., Pure Appl Chem, 57, 603, 1985—incorpo-
rated herein by reference in its entirety).

Table 1 shows the pore volume of the prepared adsorbents
follow the order AC>AC\NiO\ZnO>AC\ZnO. This could be
attributed to occupied the pore volume by loaded NiO and
ZnO species. In addition, BET surface area a follow the order
AC>AC\NIOVZnO>AC\ZnO. This means that, the specific
surface area (BET) and the total pore volumes decreased upon
loaded NiO and ZnO functional groups which were intro-
duced as the chemical modification (Seredych, etal 2010) and
(Jiang et al 2003) (Z. Jiang, et al., Langmuir, 19, 731-736,
2003—incorporated herein by reference in its entirety).

TABLE 1
BET Surface area and pore volume analysis
BET surf. area pore vol Adsorption average
Adsorbents (m2/g) (em3/g) pore width A
AC 62.3489 0.959211 615.3830
AC\NiO\ZnO 38.8997 0.506763 521.0974
AC\ZnO 15.1786 0.304183 801.6115
Example of FTIR is presented in FIG. 2 for AC\NiO\ZnO.

There are bands at 490 cm-1 and ~455 cm-1 that may attrib-
uted to the stretching mode of ZnO and of NiO stretching
vibrational mode respectively.

The XRD spectra of the activated carbon sample indicates
the presence of exist three broad diffraction peaks located at
20=20-30 and 40-50, revealing the presence of amorphous
carbon which is disorderly stacked up by carbon rings (Y. b.
Tang et al., Chemical Engineering Journal, 203, 19-24,
2012—incorporated herein by reference in its entirety). For
the AC/ZnO/Ni and AC/ZnO composites new peaks are
appeared in different 2theta with different intensity as show in
FIGS. 3A and 3B.

For comparing constant amount (0.75 g) from each adsor-
bent was added to three different flasks each one contains the
same concentration of sample (500 ppm in 50 ml solvent).
The flasks were stirred for 80 minutes then samples were
taken from each one an analyzed by GC-SCD. The results
given in FIG. 4 present the percentages of removal for
thiophene, BT and DBT using the three prepared adsorbents.
FIG. 4 is a graph of percentage removal of thiophene, BT and
DBT (initial concentration of each on is 166.6 ppm) on AC,
AC\NIOVZnO, AC\ZnO (dosage 0.75 g, 50 ml and time 50
min). It is obvious that, although, AC has larger BET surface
area and pore volume than ACANiO\ZnO, AC\ZnO (table 1),
they exhibited higher adsorption capacity and percentages of
removal, this could be attributed to another factor which is
S-M interaction between sulfur and Ni and Zn (S. Velu, et al.,
Song, Ind Eng Chem Res, 42, 5293-5304, 2003—incorpo-
rated herein by reference in its entirety).

In addition, it is clear that AC\NiO\ZnO exhibited higher
adsorption capacity for the three compounds which means
that, the metal species located contribute to enhanced inter-
actions. These results agree with previous reported that
Nickel has an affinity to the organic sulfur compounds and it
is the active sites on Ni/ZnO for desulfurization process (E. S.
Moosavi, et al., Energies, 5, 4233-4250, 2012—incorporated
herein by reference in its entirety).

The following adsorption capacity
AC\NIO\ZnO>AC\ZnO>AC.

The adsorption properties (adsorption capacity and selec-
tivity) of the adsorbents did not determined by their porosity
(adsorption pore volume) but also affected by the chemical

in the order:
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property of their surfaces, which is corresponded to the pre-
vious studies also (X. Li, et al., Adsorpt. Sci. Technol., 24,
363-369, 2006—incorporated herein by reference in its
entirety).

The efficiency of sulfur removal is significantly influenced
by the amount of adsorbent used. The amounts of thiophene,
BT and DBT adsorbed onto the adsorbents are depicted in
FIG. 5. FIG. 5 is a graph that depicts the effect of adsorbent
dosage on the adsorption of thiophene, BT and DBT, on
AC\WNIO\ZnO (50 ml with initial concentration 190, 190 and
197 ppm respectively) with a contact time of 50 min. A trend
of increment in adsorption capacity with increment in adsor-
bent dose was observed from 0.1 to 0.75 g. The results indi-
cate that the amount of sulfur compounds adsorbed by the
adsorbent increased with increasing the amount of the adsor-
bent. The initial increase in adsorption capacity with increase
in adsorbent dosage was expected because the increase in the
number of adsorbent particles results in more surface area and
more adsorption sites (Srivastav et al 2009) available for
sulfur compounds attachment.

DBT exhibits higher percentage of removal for each dos-
age and on all adsorbents due to the ability of DBT to form
n-t dispersive interactions between the aromatic ring in DBT
and the graphene layers on AC. This also can explain that the
molecules with three-aromatic rings (DBT) showed a signifi-
cantly higher adsorptive affinity than two-ring aromatics
(BT) and higher than one ring (thiophene) (Bu et al 2011).

The effect of contact time on the amount of sulfur com-
pounds adsorbed was investigated and the data are presented
in FIG. 6. FIG. 6 is a graph of the adsorption of sulfur com-
pounds on AC\NiO\ZnO at different time intervals; condi-
tions dosage is 0.75 g, (with initial concentration 190, 190 and
197 ppm respectively) in batch mode.

The extent of removal of sulfur by AC\NiO\ZnO was found
to increase, reach a maximum value with increase in contact
time. In some cases it decreases with the increase in contact
time after, 50 min which may be due to a desorption process.
The rate and quantity of sulfur adsorbed by the adsorbent is
limited by the size of adsorbent molecules, concentration of
adsorbate and its affinity towards the adsorbent, diffusion
coefficient of the adsorbent in the bulk and solid phase and the
degree of mixing. With increasing contact time, the number of
available adsorption sites decreased as the number of sulfur
ions adsorbed increased.

A large number of vacant surface sites are available for
adsorption during the initial stage, and after a lapse of time,
the remaining vacant surface sites are difficult to be occupied
due to repulsive forces between the solute molecules on the
solid and bulk phases (S. Kumar et al., Fuel, 90, 3209-3216,
2011—incorporated herein by reference in its entirety).

Besides, the DBT, BT, thiophene (as sulfur) are absorbed
into the micro- and meso-pores that get almost saturated with
DBT, BT, thiophene during the initial stage of adsorption.
Thereafter, the DBT, BT, Thiophene molecules have to
traverse further and deeper into the micro-pores encountering
much larger resistance. This results in the slowing down of the
adsorption rate during later period.

Adsorption break through curves were generated by plot-
ting the transient total sulfur concentration normalized by the
feed total sulfur concentration (Ct/Co) vs. cumulative time.
The breakthrough for thiophene on AC\NiO\ZnO, AC\ZnO
and AC. The initial concentration was 166 ppm and it
decreased to 50, 55 and 110 ppm in the first 10 minutes by
AC\WNIO\ZnO, AC\ZnO and AC respectively and it came back
to the initial concentration after three hours this means that no
more adsorption happened after three hours.
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AC\WNIOVZnO, AC\ZnO and AC exhibited better capacity
for BT than thiophene, and though the initial concentration of
BT was 166 ppm it declined significantly to less than 0.05
ppm in the first 10 min treatment by AC, AC\ZnO and
AC\NIO\ZnO respectively and then increased gradually for
300 min until it returned to the initial concentration. FIG. 7 is
a graph of the breakthrough curves of DBT with initial con-
centration 166 ppm on AC\NiO\ZnO, AC\ZnO and AC (col-
umn mode). The absorption capacity for BT in column mode
follow the order AC\NiO\ZnO>AC\ZnO>AC. The highest
adsorption capacity for DBT was on AC\NiO\ZnO adsorbent
where there was no peak appears for DBT and the DBT
became zero during the initial 320 min. After 320 minutes
sulfur appeared in the sample with low concentration and
returned to the initial concentration after six hours.

The breakthrough points are of the order
DBT>BT>thiophene in the order of adsorbents order
AC\NIO\ZnO>AC\ZnO>AC. These results indicated that
AC\NIO\ZnO>AC\ZnO>AC are suitable for removal of
thiophene, BT and DBT in column systems.

Two methods were developed for regeneration of the com-
posites.

i. solvent followed by heating at 300° C. and

ii. thermally method in which the spent sorbents were
heated at 350° C. for3 h

In (1), appropriate solvent like toluene was passed through
the column packed with the spent sorpents by pump with
constant flow rate. Aliquots of the eluent was collected in
different intervals and analyzed by GC-SCD. The amount of
thiophene and dibenzothiophene decreased with times, which
indicate faster release of thiophene and BT comparing with
DBT. This trend confirms the higher ability of DBT, to form
7-1t complex between 7 electrons of benzene rings and active
sites on an activated carbon surface, than the BT and
thiophene.

In (i1), sorbents were heated at appropriate temperature say
at350° C.

FIG. 8 is a graph that depicts the percentages of removal of
thiophene, BT and DBT from model diesel by AC\NiO\ZnO,
AC\ZnO, and AC in three cycles,: where 2" is regeneration
by solvent and heat, while 3" regeneration only by heating at
350° C. for 3 h. (After 10 minutes adsorption process) on
column mode.

Adsorption by means of using porous materials is consid-
ered to be promising approach. Three different materials;
Activated Carbon (AC) from waste materials, Activated
carbon\Nickel oxide\Zinc oxide (AC\NiO\ZnO) and Acti-
vated carbon\Zinc oxide (AC\ZnQ), were prepared and used
as adsorbents for removal of Thiophene, benzothiophene
(BT) and dibenzothiophene (DBT) as sulfur compounds from
model diesel. The prepared materials were characterized by
N2-adsorption, X-ray diffraction and Fourier Transform
Infrared spectroscopy (FTIR). The following adsorption
capacity for the three compounds in the order:
AC\NIO\ZnO>AC\ZnO>AC, while the amount of com-
pounds adsorbed follow the order DBT>BT>thiophene.
Adsorption capacity is governed by chemical interaction and
pore volume of the adsorbents. Obtained results indicate that
the sorbents exhibited an efficient and economical way for
removing sulfur compounds due to its low-energy consump-
tion, ambient operation temperature and atmospheric pres-
sure; rather, there was a simple regeneration method of the
spent adsorbents.

Thus, the foregoing discussion discloses and describes
merely exemplary embodiments of the present invention. As
will be understood by those skilled in the art, the present
invention may be embodied in other specific forms without
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departing from the spirit or essential characteristics thereof.
Accordingly, the disclosure of the present invention is
intended to be illustrative, but not limiting of the scope of the
invention, as well as other claims. The disclosure, including
any readily discernible variants of the teachings herein,
define, in part, the scope of the foregoing claim terminology
such that no inventive subject matter is dedicated to the pub-
lic.

The invention claimed is:

1. A method for obtaining an activated carbon/NiO/ZnO
material, comprising:

dispersing an activated carbon in a solvent and sonicating

to form a first mixed solution;

mixing anickel salt solution with the first mixed solution to

form a second mixed solution;

heating and stirring the second mixed solution to precipi-

tate a first precipitate;

dispersing the first precipitate in a solvent and mixing with

a zinc salt solution to form a second mixture;

heating and stirring the second mixture to precipitate a

second precipitate;

calcining the second precipitate to form an activated car-

bon/NiO/ZnO material having a surface area in the range
of 20-45 m?/g, a pore volume in the range of 0.05-1
cm®/g, and an adsorption average pore width in the range
of 500-600 A.

2. The method of claim 1 in which the solvent is deionized
water.

3. The method of claim 1 in which the activated carbon is
powdered activated carbon.

4. The method of claim 1 in which the pH of the second
mixture is maintained within the range of 8-9 during heating
and stirring.

5. An activated carbon/NiO/ZnO material in which the
material has a surface area of about 38.9 m*/g, a pore volume
of about 0.507 cm>/g, and an adsorption average pore width
of about 521 A.

6. A method for obtaining an activated carbon/ZnO mate-
rial, comprising:
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dispersing an activated carbon in a solvent and sonicating

to form a first mixed solution;

mixing a zinc salt solution with the first mixed solution to

form a second mixed solution;

heating and stirring the second mixed solution to precipi-

tate a precipitate;

calcining the precipitate to form an activated carbon/ZnO

material having a surface areain the range of 10-20 m*/g,
a pore in the range of 0.05-1 cm®/g, and an adsorption
average pore width in the range of 700-900 A.

7. The method of claim 6 in which the solvent is deionized
water.

8. The method of claim 6 in which the activated carbon is
powdered activated carbon.

9. The method of claim 6 in which the pH of the second
mixed solution is maintained within the range of 8-9 during
heating and stirring.

10. An activated carbon/ZnO material in which the material
has a surface area of about 15.2 m*/g, a pore volume of about
0.304 cm>/g, and an adsorption average pore width of about
801 A.

11. A method for desulfurizing a hydrocarbon composi-
tion, comprising:

contacting an activated carbon/NiO/ZnO material with the

hydrocarbon composition to absorb one or more sulfur
compounds present in the hydrocarbon composition on
the activated carbon/NiO/ZnO material.

12. The method of claim 11 wherein the hydrocarbon com-
position is a mixture of an aromatic-containing compound
and an alkane.

13. The method of claim 12 wherein the aromatic-contain-
ing compound is toluene and the alkane is hexane.

14. The method of claim 11 wherein the sulfur compounds
are selected from the group consisting of dibenzothiopene,
benzothiopene, and thiopene.

15. The method of claim 11 wherein the activated carbon/
Ni0O/ZnO material is contacted with the hydrocarbon compo-
sition for 50 minutes.



